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(57) Abstract 

A method of fabricating a multilayer piezoelectric transducer. The method involves net-shape molding from a mixture of a piezoelectric 
or electrostrictive ceramic powder material and an organic binder a unitary piezoelectric or electrostrictive ceramic body. The body (21) 
includes a top, four sides normal to the top, and a base interconnecting the sides. First and second cavities are molded into at least one 
side to divide the ceramic body into a plurality of ceramic layers disposed generally parallel to the top. The first cavities alternate with the 
second cavities in the ceramic body. Each ceramic layer except an uppermost and a lowermost ceramic layer is joined at one edge to one 
ceramic layer adjacent thereto by a first ceramic bridge and at the same or a different edge to another ceramic layer adjacent thereto by a 
second ceramic bridge. 
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MULTILAYER PIEZOELECTRIC CERAMIC TRANSDUCER 

and' fabrication method 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application is related to U.S. Patent Applications 
Nos. [Attorney's Docket Nos. MSI1519 and MSI1554), both 
filed on even date herewith. Application [MSI1554] is 
incorporated herein by reference. 

GOVERNMENT C ONTRACT INFORMATION 
The Government of the United States of America has 
certain rights in thin; invention pursuant to Contract No. 
N00014-95-C-035S awarded by or for the U.S. Department of 
Defense . 

BACKGROUND OF THE INVENTION 
The present invention relates to piezoelectric trans- 
ducers and particularly to transducers having multiple 
ceramic layers. Such transducers are useful, individually 
or grouped in an array, for applications including, but not 
limited to, positioning, sensing, vibration generation and 
detection, active vibration control, non-destructive evalua- 
tion and diagnostics, underv/ater acoustic imaging, and medi- 
cal diagnostic ultrasound. 

Multilayer transducers are those having multiple 
layers of laminated piezoelectric or electrostrict ive ceram- 
ic material separated by electrode material. The advantages 
offered by such multilayer devices include increased dis- 
placement and lower voltage operation in actuators and low 
electrical impedance in resonant transducer devices. 

The transducer is the limiting factor determining the 
performance quality of many present-day transducer-dependent 
devices. The number of ceramic layers in each multilayer 
transducer has been limited by current fabrication tech- 
nology and the need to interleave the piezoelectric of each 



WO 98/05080 



CT/US97/13025 



transducer with electrode layers prior to the 

cess. in some devices, a transducer less than 0.2 , 0.2 mm, 
and even as small as about 25 - ,00 M * square in cross 
section would be highly desirable, further complicating the 

fabrication process. 

Presently available multilayer piezoelectric ceramic 
transducers are expensive to fabricate and are not suffi- 
ciently reliable for many applications. State of the art 
multilayer transducers are fabricated by stacking pre-metal- 
lized green ceramic layers using various processes that 
involve a number of critical laminating and indexing steps. 
The green ceramic layers typically are made by roll compac- 
tion of the ceramic powder or by ta P e casting mixtures of 
ceramic powders and liquid organic binder to form thin 
sheets. After screen printing to apply the electrode pat- 
terns the layers are stacked and laminated together, typi- 
cally' by pressing, and heated to burn away the organic 
materials before sintering the binder-removed ceramic multi- 

layer stack. ■ . k _ 

This process presents problems with mcexmg and .tack 
ing faults and bond delamir.ation . Additionally, the number 
of ceramic layers of the multilayer transducer xs i^ited by 
the number of ceramic layers that can practically be lami- 
nated and by the binder burn-out problems associated with 
the current roll compaction or tape casting ceramic layer 

fabrication methods. 

Another disadvantage of the stacking methods described 
above is that, to achieve the maximum benefit from the 
multilayer configuration, thin ceramic layers (typically 
about 10 - 1000 fim thick) are desired. For a large trans- 
ducer, the stacking of many layers is therefore require, to 
achieve the desired overall transducer length dimension 
exacerbating the problems of indexing and stacking faults, 
b ond delamination, and reliability. Currently, to achieve a 
higher number of layers, individual prefired transducer 
, tac ys are bonded to one another in an additional process 
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step, significantly affecting reliability and fabrication 
cost- 
All of these methods usually require that the screen 
printed electrode be fabricated from costly platinum, be- 
cause the ceramic and electrode layers must be assembled 
into a stack before the ceramic is fired and only platinum 
will withstand the high temperature necessary for sintering 
the ceramic after such assembly. The requirement for such 
platinum internal electrode layers is a major contributor to 
the high cost of currently available multilayer transducers. 

One known multilayer ceramic structure, a capacitor, is 
built up from stacked and laminated green ceramic tapes 
produced by conventional tape casting techniques. Planar 
internal cavities are produced within this structure in a 
multilayer configuration by screen printing the tapes prior 
to lamination with pads of binder-rich ceramic ink. After 
lamination, the tape casting binder and the binder-rich ink 
are burned away and the parts are sintered, yielding a 
multilayer structure of dense ceramic layers separated by 
porous planar ceramic layers in the pattern of the desired 
interdigitated internal electrodes- The internal electrodes 
are then formed by back-filling these internal porous layers 
with molten metal or other electrically conductive material. 
This process, however, is still hampered by the limitations 
imposed by the above-described indexing and stacking faults. 
Also, the number of ceramic layers of the multilayer struc- 
ture is still limited by the number of ceramic layers that 
can practically be laminated and by the binder burn-out 
problems associated with current tape casting and roll 
compaction ceramic layer fabrication methods. 

Accordingly, it is an object of the present invention 
to provide a multilayer piezoelectric ceramic transducer 
which overcomes the disadvantages of the prior art. 

It is another object of the invention to provide a 
multilayer transducer having low electrical impedance and 
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low drive voltage which can be more economically fabricated 

than those found in the -prior art. 

It is yet another object of the invention to provide 

net-shape forming techniques for readily and economically 

fabricating the multilayer transducer. 

It is still another object of the invention to provide 
a net-shape formed multilayer transducer exhibiting lower 
stiffness and lower acoustic impedance than the bulk piezo- 
electric or electrostrictive ceramic materials or prior art 
piezoelectric or electrostrictive transducers. 



ST1MMARY OF THE INVENTION 
In accordance with these objects, in one aspect the 
invention is a method of fabricating a multilayer piezoelec- 
tric transducer. The method involves net-shape molding from 
a mixture of a piezoelectric or electrostrictive ceramic 
powder material and an organic binder a unitary piezoelec- 
tric or electrostrictive ceramic body. The body includes a 
top, four sides normal to the top, and a base interconnect- 
ing the sides. First and second cavities are molded into at 
least one side to divide the ceramic body into a plurality 
of ceramic layers disposed generally parallel to the top 
The first cavities alternate with the second cavities in the 
ceramic body. Each ceramic layer except an uppermost and 
lowermost ceramic layer is joined at one edge to one ceramic 
layer adjacent thereto by a first ceramic bridge and at the 
sale or a different edge to another ceramic layer adjacent 
hereto by a second ceramic bridge. The binder is removed 
Trom *h. ceramic body, and the ceramic body is sinterec to - 
achieve near-theoretical density. One or more materials are 
achieve n cavi ties to form first and 

disposed in the nrsu 

second electrically conductive electrode layers, respec- 
tively each of the electrode layers being bonded to the 

eramic layers adjacent thereto. The first electrode layers 
are electrically interconnected to provide a first set of 
electrode layers, and the second electrode layers are elec- 
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trically interconnected to provide a second set of electrode 
layers alternating with and electrically isolated from the 
first set electrode layers to form an electroded body. The 
electroded body is poled to produce the multilayer transduc- 
er. 

In other aspects, the invention is a net-shape molded 
ceramic body for fabricating an electronic device. The 
ceramic body includes a top, four sides generally normal to 
the top, and a base interconnecting the sides. The body 
further includes a plurality of ceramic layers including an 
uppermost ceramic layer, a lowermost ceramic layer and one 
or more intermediate ceramic layers all disposed generally 
parallel to the top. Each intermediate ceramic layer is 
joined at one edge to a ceramic layers adjacent thereto by a 
15 first ceramic bridge. In one aspect, Each intermediate 

ceramic layer is also joined at an opposite edge to another 
ceramic layers adjacent thereto by a second ceramic bridge, 
leaving cavities between the ceramic layers and providing a 
serpentine-shaped cross-section to the ceramic body. In 
20 another aspect, each intermediate ceramic layer is joined at 

the .same edge to another ceramic layers adjacent thereto by 
a second ceramic bridge, leaving cavities between the ceram- 
ic layers and providing a comb-shaped cross-section to the 
ceramic body. 

25 In another aspect, the invention is a multilayer piezo- 

electric ceramic transducer. The transducer includes a net- 
shape molded unitary piezoelectric or electrostr ict ive 
ceramic body comprising a top, four sides generally normal 
to the top, and a base interconnecting the sides. The 

30 transducer further includes a plurality of ceramic layers 

including an uppermost ceramic layer, a lowermost ceramic 
layer and one or more intermediate ceramic layers all dis- 
posed generally parallel to the top. Each intermediate ce- 
ramic layer is joined at one edge to a ceramic layer adja- 

35 cent thereto by a first ceramic bridge and at the same or a 

different edge to another ceramic layers adjacent thereto by 
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, r bridqe The transducer has a plurality of 

^ cpcond ceramic triage. * » 

el ctrode iayers including .„ — , e ^'^relee- 

i .ri-iacent pair of ceramic layers, the elec 
TTZell n. r J, TompLtoly separating the ^,=n t pair 
trodc layers Electr ode layers are divided into a 

of cerate lavers and a second set of eiectr.de 

f irst set of electr " lay „ s alternat ing with the 

layers, the «- The electroda 

second «'^' lKltlall , interconnected with one 

l ay ors of the other ^^^^ moldlnq Bppa „- 
ln yet another -P== C ' £or £abric ation 

tus for net shape molding of a cer ^isoelectric 
f wultilave- transducer from a mixture of a piezoclectn 
Mctrostrlctive ceramic and a thermosetting or thermo- 
15 or electrostrictl appara tus includes a mold 

plastic = ^" d r : r = ; angular P L ttom , two generally rectan- 

ha ving a generally ^ norroal CQ and elttendinq upwardly 
gular side walls gener y ^ ^ 

from the bottom .J J^^, a „ d generally n ormal to the 
interconnecting the Si ^ ^ 

b ott=m J^VZes thereof, and a top generally paral- 

bottom at opposite sio and the 

i.l to the bottom and interconnecting the side 

i !1S to form a closed rectangular box. The top. bot- 
tom s walls and end walls define a mold cavity. The 
25 torn, side wa ^ ^ ^ uhlch 

mold is t P 0 P £orK the „old. The mold bottom 

r y -t-sha P ed - ™ 

has a plurality ,_ ross the bottom to or near- 

slot-shaped openings extending across «> de 

u-ais A plurality of parallel 
l y to the s de wal £ * „ ^ slot _ shaped openings in 

inserts 1= £ ^ the mold cavity close to the top 

the bottom nd togDth „. The first blade 

when the mold halves are d y n „, r i v to the side 

■ inserts extend across the ° inserts, 

35 . - to^he first blade inserts, are 
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fitted closely within slot-shaped openings in the top, and 
extend into the mold cavity between the first blade inserts 
close to the bottom when the mold halves are brought to- 
gether, such that the first blade inserts and second blade 
5 inserts are interdigitated with each other within the mold 

cavity* The second blade inserts extend across the top to 
or nearly to the side walls. 

BRIEF DESCRIPTION OF THE DRAWINGS 
10 For a better understanding of the present invention, 

together with other objects, features, advantages, and 
capabilities thereof, reference is made to the following 
Description and appended Claims, together with the Drawing 
in which: 

15 Figure 1 is a perspective view of a sintered lead 

zirconate titanate (PZT) ceramic blank used for fabrication 
of the multilayer piezoelectric ceramic transducer of Figure 
3; 

Figure 2A is a schematic cross-sectional perspective 
20 view of the molding apparatus and green PZT preform of the 

blank of Figure 1, before molding;. 

Figure 2B is a schematic cross-sectional elevation view 
of the molding apparatus and green PZT preform of the blank 
of Figure 1, after molding; 
25 Figure 3 is a perspective view of a multilayer ceramic 

transducer in accordance with one embodiment of the present 
invention ; 

Figure 4 is a photomicrograph of a portion of a sin- 
tered lead zirconate titanate ( PZT) ceramic blank used for 
30 fabrication of a multilayer transducer similar to that shown 

in Figure 3; 

Figure 5 is a photomicrograph of a portion of a sin- 
tered PZT body, similar to those shown in Figures 3 and 4, 
after backfilling with a silver-epoxy resin; 
35 Figures 6A and 6B are schematic perspective views of 

molding apparatus (tooling) for molding a PZT ceramic blank 
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for fabricating • multilayer ceramic transducer in accor- 
dance with an o«« embodiment of the invention ; 

Figure 7 is a schematic, cross-sectional, perspective 
view sin-, PZT ceramic Man, molded in the apparatus 

Town in Figures and SB, showing two of the interna! 
cavities molded by the tooling shown m Fxgure OA. 

Figure . is an exploded perspective view of a multr- 
layer ceramic transducer fabricated by metal-coating and 
I willing th~ internal cavities of the blanK shown in 

various y-z planes within the transducer; multilayer 

Figure 9 is a graph of resonance data for a .ull lay 
transducer in accordance with another embodiment of the 

invention . 

T t"le^Io7^Io7 of various 
M „t. shown in the Drawings is not i„ t .„^ ,o^«^, 
scope of the present invention, but merely to be illu.tr 
Hve and representative thereof. 

in it. several embodiments, the multilayer piezoelec- 
t ric c« m o transducer described herein is fabricated from 
I multilayer ceramic Man* net-shape molded from a P ie o- 
i fmctr^ctive ceramic. Examples of sucn 

" GCtr rec°tri: o"r erect^osLictive ceramics are well Known in 
piezoelectric or el ^ ^ zirconate 

the art, and include, but are no _ zircon- 

ipiti • lead magnesium niobatc; a titanatc, 
titanate MT^ 1 or Btronti um; or . 

ate. or mobate of ^ ' horein| the term »pi- 

31= ' Figure x illustrates an example of such a Man,., show- 
!".d PZT piezoelectric ceramic blank la of width 
entered PZT P « dl , e „ S io„= t re- 

height „. and length L ( > " t / ' BlanJ[ la has m ultiple 

spectively, « - rr^hiLness T , interconnected by 

parallel ceramic layers /. 
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inactive bridging portions 3a and 3b of thickness I at 
alternating edges of layers 2, forming a ceramic body of 
serpentine cross-section. Alternating gaps or cavities 4a 
and 4b of thickness G entering blank la from opposite side 
5 surfaces 5a and 5b of blank la are interposed between layers 

2 to separate the layers. 

Blank la is shown as having seven ceramic layers 2. 
However the layers in a multilayer transducer may vary from 
two to 1000, or even several thousand layers, while the 
10 thickness of each ceramic layer is typically about 

10 - 10,000 M m and the length ( z-dimension) of the transduc- 
er is typically about 0.1 - 1000 mm, depending on the appli- 
cation for. which the transducer is designed. The method 
described herein makes possible the net-shape molding of a 
transducer having several thousand, e.g., io,000 thin lay- 
ers, each being, e.g., as thin as about 20 M m. Cavities 4a. 
and 4b define the thickness of the electrode layers in the 
finished transducer, typically 20 - 500 jzm. 

If desired, the outer dimensions, i.e., width W and 
length Z of sintered blank la may be molded slightly over- 
size so that the width and length may be modified after 
sintering and electroding to fine-tune the device to a 
preselected resonance mode. Also if desired, length Z of 
sintered blank la may be sufficiently large to provide two 
25 or more individual transducers, the blank being cut or 

"diced out" at a bridge 3a or 3b (as at cut 6a) before or 
after the electroding and/or poling steps described below. 
Also, conveniently, blank la may be of sufficient depth Y to 
provide two or more transducers, the individual transducers 
typically being "diced out" from one another (as at cuts 
6b) , this separation normally being performed at a later 
stage in the fabrication process, as described further 
below. However, large blanks having very many layers nor- 
mally are molded individually. 

Figures 2A and 2B illustrate net-shape fabrication of 
the ceramic blank shown in Figure l. As shown in Figure 2A, 



20 



30 



35 



9 



WO 98/05080 



:T/US97/13025 



Plains apparatus, or tooling. 3 indues upper and lower 
Toll halves aa and 8b, respectively . Tor compression .old 

2 Halves 8a and 8b are heated by Beans well Known in 
^'a:: or eltin, molding apparatus. Tor inaction »1 - 
in g the molding apparatus includes a gate (not shown, as 
is well Known in the art. for filling the mold. Each of 
Told Lives 8a and 8b has a number of longitudinal blade 
Inserts 9a and 9b, respectively, separating ,o^^ 
cavities 10. and 10b, respectively. As shown m Figure 2B. 

„ and 9b are disposed to alternate in an 
tr.rj-pl^n within the - 
cavity which is the negative of the desxred blank, x e. , 
serpentine, multilayered green blank ic. Convenxently 
Jade insert, ,a and *b -y be -tractable for ease o 
removal of the blank after molding and coolxng Alterna 
tively. the blade inserts may be fixed withxn the .old 
cavity Also alternatively, both the blade xnserts and 

.cavities 10a and 10b may be provided by remov- 
longxtudxnal caVlt ^ GS . 1 ° into each roold half to 

^r-^-" ^ -apes for different electrode 
define d de and ceramic layer thicknesses. Thus, 

r:in: .1.- a nd ... ^ T 

used to fabricate a variety of different molded cerate 

"""I; one exemplary method, a ceramic blanK is compression 
, nn oreen preform lb between mold halves 8a 
by F P r :or:M s /abrieated from a PST-binder mixture 
Ira P, T ^electric ceramic powder mixed with a thermo- 
setting or thermoplastic organic bind ;r — _ 
temperature of apparatus 8 p2T . binder „ixtur.. As 

^vr^L::::": i :i ^ t.-«, 

heated mold halves a uirh Dre ssvire 

n» and lib of Figure 2A, with pres^u 
trated by lb at the select ed mold temper- 

sufficient to deform pr penetra te into ceramic 

^Tr^rr/^X of preform lb flows into 
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longitudinal cavities 10a andiob forming prefired ceramic 
green body lc, as shown. in Figure 2B. 

In another exemplary method, blank la is fabricated by 
injection molding a hot PZT-binder mixture into chilled, 
closed mold 8 (the mold being cooled to a temperature suffi- 
cient to solidify the mixture) to form prefired green body 
lc. This molding method is performed in a manner similar to 
that described for injection molding of piezoelectric ceram- 
ic bodies in U.S. Patent No. 5,340,510, incorporated herein 
by reference. 

In either method, after molding, cooling and, e.g., 
retracting blade inserts 9a and 9b from the mold cavity' 
green body lc is removed from the mold. The binder is re- 
moved from blank lc by slow heating and the part is sintered 
at a temperature and for a time sufficient to densify the 
blank to near (at least 93% of) theoretical density to form 
sintered blank la described above. Both the binder removal 
and sintering processes are known in the art. Blank la then 
is prepared for use in a multilayer piezoelectric ceramic 
transducer as described below. 

Figure 3 illustrates individual electroded transducer 
21, fabricated from sintered serpentine blank la of Fig- 
ure 1. The entire surface of blank la is plated or coated 
with thin layer 22 of any conventional electrically con- 
ducting material. For example a metal such as nickel, 
silver, or gold may be applied by any suitable conventional 
process such as vapor metallization, sputtering, or electro- 
less plating. Layer 22 may be, if desired, sufficiently 
thin to avoid bridging of the layer across gaps 23 in slits 
or cavities 4a and 4b between ceramic layers 2a and 2b. 
Alternatively, longitudinal cavities 4a and 4b may be back- 
filled with the conductive material used for the coating, or 
may be backfilled with another conductive material, as 
described below. Excess plating is removed from side sur- 
face 24 and the side surface opposite thereto, and from a 
small portion of each of blank top 27a and blank base 25a, 
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,»d strips 7a and 7b. respectively. (Hereinafter 
as uncoated strips referred to as side surfaces 24.) 

b oth side surfaces will be ^ ^ 

Mternativeiy, side sur f 2 ^ been 

7b may - masked during Plat-^ < ^ ^ 

dic ed to divide the mto ^ 

described above, at least 

removal will be '»»»""^"; ) is divided into two continuous 

*rvni<* conductive layer ^ 
T 26a and 26b, electrically isolated from one 
electrodes, 26a and 2 ^ ^ 

another by unco ated strips ^ ^ 

to form electroded blanK ld^ A elec troded bl.nh 

trode 26b ^-Z°::;Z ^ and — longitudinal - 
ld , down one a=ross bas e 2,a of 

CaVltlSS , Ua , up other electroded side 2Ba. and into 

'longitudinal cavities 4a ^ surface in 

" i= Pr T*l be f'll-a with a suitable electrically 
cavities «. and 4b b . f-ll materia i, as filled 

conductive " »°"^ C ^ |1 . flleal integrity and increase 
portions 2,. to »P££ » cQvitie£ 4a and 4b are uncoat- 

rugg edness of t - - v c ^ 

ed, an electrically impr ovement in mechanical 

selected to provide a simila « be selected to be 

integrity -^Tto increase or decrease the stiffness of 
ri gid or coolant to xncr ^ ^ ^ 

the device to a desir internally absorb 

£i ller material the more the f i !.r ^ 
acoustic vibration - the de ^ ^ ^ ^ 

an ce. *« f «' bl B y ; t ^, bond ui th the coated or uncoated 
naps will make a strong conventional bonding or 

surfaces of ^to the gap surface, for this 

adhesion agent may PP non . conductlve rigid fillers 

purpose. «-»P^ ^ L . th er.oplasti= polymer resins such 
include thermosetting or matpria ls Examples of 

^v-,^yv resin materiaib. ^ 
as , r «- /I Active rl gid or semi-rigid maten 
suitable electricany 
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als include composites of metal particles and polymer resins 
such as a nickel-, gold-, or silver-epoxy resin, or metals 
such as nickel, gold, or silver, or conductive glass frits 
such as a mixture of glass frit and silver powder. Suitable 
5 compliant materials include rubbers and other compliant 

polymer resins, which may be used in their non-conductive 
form or may be mixed with metal particles to render them 
conductive. For example, rubber as a filler material pro- 
vides high compliance, while glass frit and metals are 
10 highly rigid materials providing low compliance,, and epoxy 

resins have moderate rigidity and provide intermediate 
compliance. The dimensions and thickness of the ceramic 
layers and the material and thickness of the material (s) 
filling the cavities may be selected to suit the electrical 
15 and mechanical requirements of a particular application. 

Particulate or powdered materials or mixtures, e.g., a 
silver-epoxy resin material, may be diluted with a conven- 
tional solvent to produce a flowable liquid filler for 
penetration into the cavities or gaps. Alternatively, 
20 certain materials may be rendered flowable by other means, 

e.g., thermoplastic polymers may be melted or heat softened, 
and other polymers may be solvent softened. Complete fill- 
ing of the uncoated cavities or coated gaps is desired. 
This may be achieved by eliminating entrapped air with a 
25 vacuum atmosphere, then using pressure assisted infiltra- 

tion . 

By connecting electrodes 26a and 26b to a power source 
and to ground, electroded blank Id may be poled, in a con- 
ventional manner, e.g., in the poling directions indicated 

30 by arrows 30a and 30b, i.e., in a d u multilayer configura- 

tion. If electroded blank Id has not, as yet, been separat- 
ed into individual transducer portions along one' or more x-z 
planes, as described above, "this separation, if desired, may 
be performed after poling. Typically, each individual 

35 transducer 21 has a rectangular footprint (in the x-y plane) 
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oI ahout o.i * o.i m. to ioo x xoo «. *nd » — «" a — 

TolZion. transducer » », h. — * £ .ep.- 

rate l connecting tetrodes ». and ^ « ^ " _ 

pot- nositioners or actuotors, 

pi., do or ac ^ 9 a= yolt im prefc rred. Th. 

trlnS *' " I without applied voitage for 

transducer may also do 

sensing «PP"~^ n "- £ llu . trBt . th e versatility o £ th. nt- 
Figures 4 and 5 > p „ is , photo - 

shape molding method descn -intered piczo- 

v. „f ™ actual net-shape molded and smtereo , 
.icro.raph of an ac ^ ^ ^ ^ pig . 

Twhi * Hg-r- 5 i. a photomicrograph of an actual 
ure lf while Fig ^ F . gurG 3. lM 

electroded blank Id .imilar 

chipkness of the ceramic layer- is 
Figure 4, the thickness o ceran ic 

• • ^ „~ hetwern ceramic layers, 
that of the cavitie, be.we, ravit ies are about 

i ayers «. a ,out „o - - s iayers 
c::: * — r r: --rr 

rnv ities are about 41 ^m thick. Tne 
whxa. the „ of obout , 10 ,„ and about 

Figures 4 and 5 have heig ^ lay . 

" 5 "Tllnr: I'a avoided width W o £ ahout 0.S 

prs Each blank nas an a 

v, ^ut- to provide a desired width- The 
inches, and may be cut to provi g 
cavities of the blank shown m t xgure 5 are 

— G :::i l^T-^--"' of the multilayer pi..o- 

Another exempiai-y . . th invention 

• , *-r a -<-ducer. in accordance with tne 
electric ceramic tra.^ducer ele ctrical 
• n electrodes which may be connected to an el 

deludes electr transduce,. Molding 

circuit fro BB -- fabrica ting this transducer is 

appa ratus or t o ing ^ ^ ^ upper 

illU strated ^ ^ respectiye ly . each in- 

^^"ra last and <lb, respectively, end walls -a and 

eluding a « asf " 
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42b, respectively, and side walls 43a and 43b, respectively. 
(Only the rear side wall of each mold half is shown, for 
clarity of illustration.) 

Base 41b of lower mold half 40b includes at least four 
slots 4lc into which are inserted at least two of each of 
first and second mold blade inserts, 44a and 44b, respec- 
tively, as shown in Figure 6A. Each of blade inserts 44a 
includes a lug 45a projecting upwardly from its top edge 
46a, while each of blade inserts 44b includes a lug 45b 
projecting upwardly from its top edge 46b. Optionally, 
blade insert 44a may include one or more slits 47a, while 
blade insert 44b may include one or more slits 47b, slits 
47a and 47b extending from the top edge downwardly into body 
48a or 48b, respectively, of each blade insert. Blade 
15 inserts 44a and 44b are inserted into slots 41c of lower 

mold half base 41b in an alternating arrangement in which 
each of blade inserts 44a is between two blade inserts 44b 
and vice versa, except for the blade closest to each of end 
walls 42 of lower mold half 40b. When the blade inserts are 
positioned in lower mold half base 41b, lugs 45a are aligned 
with one another and lugs 45b are aligned with one another 
but not with lugs 45a. Conveniently, lugs 45a and 45b are 
aligned along parallel lines- Also, slits 47a and 47b do 
not extend to base 41b, but leave a solid portion 49a or 
49b, respectively, above base 4 1b when the blade inserts are 
in position in the base, as shown in Figure 6A. 

As shown in Figure t5B, blade inserts 44a and 44b may be 
withdrawn from mold 40, for ease of removal of a molded 
transducer blank. Alternatively, the blade inserts may be 
fixed within the mold cavity. Also alternatively, both the 
blade inserts may be provided by removable and replaceable 
mold inserts set into the lower mold half to define differ- 
ent mold cavity shapes for different electrode spacings and 
electrode and ceramic layer thicknesses. Thus, a set of 
differently sized and shaped blade inserts may be used to 
fabricate a variety of different molded ceramic blanks. 
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As described above for the molding apparat » l " 
Figur A e ; 2A ana „. mold-haives «. ana 40. are - 

. , rt ;„a bv »eans well known in the art tor 

compression * For injec tion aiding. the 

heating molding "PP"*^ / not Ehoun) , as is .all 

s molding apparatus „ olding of . cera»- 

Known in the art £ rmed by conpr ession or in 5 ec- 

i= blank us.n, mold 40 P electrostrictive material in 

tion molding a P-oe t ° * ^ ^ , , f Figures 2A 
a manner similar to tna^ 

10 and 2B. illustrated in Figure 7. 

- -emplar, mo aea pa t ; ^ of ^ ^ d 

Molded PZT ceramic 9 J ^ ^ ond louer 

cavity of mo a 40. V front rear sides 52 

£1 des 51. and 51b P ^ ^ correspondln g 

fd Tnserts 4 a and 44b, respectively, extend into 
„ blade inserts ^ _ ^ ^ o£ CDV1 . 

green body 50. (The clarit y of illustration.) 

ties 54a and 54b is shown, for respe ctive- 

„, and 55b of cavities 54a and 54D, 
^tensions 55a and ^ beyond cavity edgGS 

20 ly, extend upwardly into g corresponding to 

those of lugs 45a ana «> =avities MJ> and 5 4b, 

and "-.^""Xpositions corresponding to slits 47a and 
respectively, at P°^ 1 Ma and 54b exte „d across 

25 47b, respectively, but cavitl correspond- 

the width of green body 50 near lower side 5. 

, „=»^t solid portions 49a and 49b. 
ing to blade insert solio p sintered to near- 

k„hv 50 is binder-removed and sintcreci 
Green body ±^ n^^it-ies 54a and 

• •, rt.nsitv as described above. Cavities = 
theoretical uith , s ilver-epoxy resin 

54b are vacuum desc ribea above, to compietely 

conductive material, axtensions with the conduc 

bacKfil th iv . ly . caviti es 54a and 54b may be 

tiVS r o b ckfiUed with a conductive or non-conductive 

plated and bacKUJ-^^ 

also as described above. 
35 material, also 
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The resulting filled blank is lapped at upper side 51a 
to expose cavity extensions 55a and 55b and electroded to 
electrically interconnect alternating electrodes, as shown 
in Figure 8, and poled as described above to establish d J3 
polarity. Figure 8 is a view of multilayer transducer 60 
fabricated from green body 50, sectioned and exploded to 
show the configuration of electrode layers. Sintered PZT 
ceramic body 50a provides a matrix in which PZT ceramic 
layers 61 alternate with electrode layers 62a and 62b. 
Ceramic body 50a is shown in reverse relative to green body 
50, i.e., with base 53b to the right, to show one alterna- 
tive for electroding the transducer, discussed further 
below . 

In this preferred embodiment, electrode layers S2a and 
62b extend nearly, but not completely to front and rear 
sides 52. Electrode layers 62a and 62b are interrupted 
throughout main portion 63 of ceramic body 50a, but are 
continuous across lower body portion 64 near lower side 51b. 
Thus ceramic bridges 65 are provided across each electrode 
layer to join ceramic layers 61 and to decrease compliance 
of the electrode layer, but portions 66a and 66b provide 
electrical continuity for electrode layers 62a and 62b, 
respectively . 

Lugs 67a and 67b extend upwardly from electrode layers 
25 62a and 62b ' respectively, through upper ceramic body por- 

tion 68. Upper side 51a has been lapped to expose lugs 67a 
and 67b. Lugs 67a are aligned with one another and are 
electrically interconnected by conductive strip 68a. Lugs 
67b are aligned with one another, but not with lugs 67a, and 
30 are electrically interconnected by conductive strip 68b. 

Optionally, conductive strips may extend to base 53b, as 
shown in Figure 8, for interconnection to a source of elec- 
trical power. Thus, electrode layers 62a are electrically 
interconnected to one another, and electrode layers 62b are 
electrically interconnected with one another but electrical- 
ly isolated from electrode layers 62a to- provide an inter- 
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nHna arrangement of internal electrode 
digitated a lt e ; n n g a,, , ^ ^ ^ ^ ^ 

^Z^Zrs -ctncally — , f rom . single 

the pre sen invent xon scQpe ^ ^ present inven . 

ered as a limitation P and representa tive 

tion, but merely as being iliu^cr 

thereof . 

KXAMPLE 

A set o£ transducer dimensions was chosen to test the 
of the multilayer transducer. Cera«uc blanks 
performance of the mul * fro „ a piszo - 

„ere inj-ctxc^ol-.-. (p2T . 5H) . 

electrically-soft leaa * nnd conventional 

p7T After molding ana convex 
hereinafter --"'J^ ™„ T blanks uer e sintered in a 
binder removal^ the « iead . controlled atmos phero . The 
conventional manner uera; 
sintered dimensions (see F.gure 1) of ^ 

oo^ _ T = 345 um, G = 41 )«, I - ^ u r- m 
" = Yded oversized in width and length so that the.r 
were molded over si clca dsllneat8 and sepa- 

ceramic blanks by x adapted to permit evacuation 

epoxy reS1 " ln a Se atm osphere within the chamber. 

and pressurizat on o th atmo P ^ dUutcd 

Th e silver-epoxy re n temperature . The cham- 

„ith toluene t b. «1 ^ ^ th . 

b er was -acuatec^to r ^ ^ ^ blank ( „ 

silver-epoxy res.n was app serpentlnc sh aped 

, side 5a in Figure 1), to s introduced into 

sides, then air at under 1 MPa pressure was mtroduc 
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the chamber to assist infiltration. The silver-epoxy resin 
material filling the cavities of one side was cured at 60°C 
for 4 hours and lapped flat. The process was then repeated 
to infiltrate the cavities of the opposite side of the blank 
5 in the same manner. Complete infiltration of the cavities 

was achieved, as shown in Figure 5. (Using this method com- 
plete penetration of the silver-epoxy resin material to the 
bottom of the cavities has been achieved in cavities as 
small as 35 wide.) 

10 After infiltration, individual sample devices were cut 

from the oversized blanks using a low-speed diamond saw. 
The dimensions of these samples are given in Table l. 
Silver paint was applied to the lapped surfaces of each 
sample for electrical connection of the electrode layers of 

15 each side. The samples were poled in a d j3 multilayer con- 

figuration at l.l kV/mm and room temperature. After poling, 
resonance curves were obtained using a Hewlett Packard Model 
HP4 194A impedance analyzer. The results showed that bond 
disturbances between the ceramic and electrode layers had 

20 occurred in Samples 1 and 2. More careful diamond dicing to 

cut Sample 3 from the blanks eliminated these bond distur- 
bances, proving that the as-infiltrated electrode layers 
bonded well to the ceramic layers. Additionally, the poling 
field on the Samples 3 and 4 was increased to about 2 kV/mm 

25 to further ensure complete poling of the internal ceramic 

layers . 

Figure 9 is a graph showing the resonance and impedance 
at frequencies between 50 kHz and 5 MHz of a sample that was 
carefully diced to minimize bond disruption. The resonances 

30 corresponding to the individual layers are diffuse, the 

width mode resonance (corresponding to the width W) is 
clearly seen in the upper peak at about 1.4 MHz, and the 
length mode resonance (corresponding to the total stack 
length L) is visible in the lower small peak at about 200 

35 kHz, showing good mechanical integrity of the ceramic-elec- 

trode bonds . 
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The —urea width and ft.'** ~cr£«- 

Ed „ lth sa mP1 o » — a :: d T f n i ; a ^ e n -ith 

v froauenciss were coropaied in laoit 
— d ™ncies calculated for monolithic PZT- 

th. corresponding fraquan ■ diB . ngions . The 

length, width, a ca1culated fron the following equa- 

transducer samples were ca mono lithic 
„, _ r t m = f ,W , and N, - lor 

UOnS : "' tt ' _= W consents for these .odes are: 
e.r»ic, the frecuen y i ^ ^ the 

. „ id , n „od" resonant frequences for lour 
n ei g ht ano w L dth «*- h those calc ulated for 

sa „ pl es -respond_appro ^ th . len g th .ode fre.uen- 

«" "° n0l Ccr n those anticipated for -n.Uthic PZT-*.. 
cl es are lower than ianca impar ted to the dev.c- 

Thi r, „ due «o-*£° clectrod e layers in the length 

a.rect.on Thus t ^ ^ appUcatlon requl re- 

d »» nS ' 0n "".^ ^ inte rnal electrode filler material 
— ^ ^^rstif f ne s AS mentioned ahove , ruoher as a 
thi c,ness and st itf e _ pUance , while g lass frit 

filler material pro ^ „~nvidinq low compli- 

^ nhlv riqid materials providing 
and metals are highly rigi ,-iaiditv and provide 

ance, and epoxy resins have moderate rigidity 

intermediate compliance. 
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The invention described herein present. « the art 
^proved laroe- or Jine-scale multilayer transducers for low 

«Hnn The transducers exhibit im 

or hi re f i r e:: u rrcii r„ : « r.«= i-p—. 

^rl, air cation by a net-shape „oldin g process. Such a 

r Z calces possible a multilayer transducer having a 
fabrication maKes po ; » : ' iUJ - nfthlp 
of lavers, with no need for high cost noble 
rerx^rcrrode S^h' transducers are useful, individually 
or ouped in an array, for applications such as position- 
iL sensing, vibration generation and detection, active 
10 Nation control, mine hunting, undersea «^ - 

spection. medical diagnostic paging, and non-destructive 
evaluation and diagnostics. _ 

Hhil. there has been shown and described what a at 
present considered the preferred embodiments of the inven 
tiln it will be apparent to those skilled in the art thaw 
tion, it will can be tnade therein without de- 

modifications and changes can defined 

• * ™ the scope of the present invention as detm 
parting from the scope v^. 

by the appended Claims. 
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WE CLAIM: 

1. A method of fabricating a multilayer piezoelectric 
"transducer comprising : 

net-shape molding from a mixture of a piezoelectric or 
electrostr ictive ceramic powder material and an 
organic binder a unitary piezoelectric or electro- 
strictive ceramic body comprising a top, four 
sides normal to said top, and a base interconnect- 
ing said sides, wherein first and second cavities 
are molded into at least one of said sides to 
divide said ceramic body into a plurality of ce- 
ramic layers disposed generally parallel to said 
top, said first cavities alternate with said sec- 
ond cavities in said ceramic body, and each of 
said ceramic layers except an uppermost and a low- 
ermost of said ceramic layers is joined at one 
edge to one ceramic layer adjacent thereto by a 
first ceramic bridge and at the same or a differ- 
ent edge to another ceramic layer adjacent thereto 
by a second ceramic bridge; 

removing said binder from said ceramic body; 

sintering said ceramic body to achieve near-theoretical 
density; 

disposing in said first and second cavities one or more 
materials to form first and second electrically 
conductive electrode layers, respectively, each of 
said electrode layers being bonded to the ceramic 
layers adjacent thereto; 

electrically interconnecting said first electrode lay- 
ers to provide a first set of electrode layers; 

electrically interconnecting said second electrode 

layers to provide a second set of electrode layers 
alternating with and electrically isolated from 
said first set electrode layers to form an elec- 
troded body; and 



WO 98/05080 



PCn7US97/13025 



poling said electroded body to produce said multilayer 

transducer . 

2 A .ethoa in accordance with claim 1 wherein said 
of said one or more materials in said cavities 
disposing of saia one . f . n ^ 3 id 

^fntratinq said cavities to fill saia 
coropris es vacuum » «xl«.^ ^ eiectrically conductive 

:::::::: «» t an* ^ 

respectively- 

3 A method in accordance with claim 2 wherein said 
electrlcalVconductive material is s looted from the^ 
consisting of metals, conductive glass frits, 
of metal particles and a polymer resin. 

4 . A method in accordance with claim 1 wher* .1, . said 
poling results in a d„ poling configuration in said 

ducer . 

5 A method in accordance with claim ! 
net-shape molding is performed by injection molding or 
compression molding. 

r A method in accordance with claim 1 wherein: 

id first and second cavities are molded into, respec- 
tively! a first Of said sides and a second of said 
sides opposite said first side; 
said first dvities alternate with said second cavities 

in said ceramic body; and 
each of said ceramic layers except a, • £ \ o 

lowermost of said layers is joined at one eg 
one ceramic layer adjacent thereto by a 
ceramic bridge and at an opposite edge 
ceramic layer adjacent thereto by a second ceramic 
bri doe such that said ceramic body has a serpen- 
tine cross-section. 
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7. A method in accordance with claim 6 wherein said 
interconnecting of said first electrode layers comprises 
applying an electrically conductive coating to said first 
side, and said interconnecting of said second electrode 

5 layers comprises applying an electrically conductive coating 

to said second side. 

8. A method in accordance with claim 7 wherein said 
interconnecting of said first electrode layers comprises 
extending said first side electrically conductive coating to 
cover said base of said body, 

9. A method in accordance with claim 8 wherein said 
disposing of said one or more materials in said cavities and 
said electrically interconnecting of said first and second 
electrode layers comprise: 

applying an electrically conductive coating to said 
ceramic body to cover said base, said first and 
second sides, and interior surfaces of said first 
and second cavities; and 
removing any portions of said coating required to sepa- 
rate said coating into a first electrode covering 
said base, said first side, and said first cavity 
interior surfaces, and a second electrode covering 
said second side and said second cavity interior 
surfaces . 

10* A method in accordance with claim 9 wherein said 
electrically conductive coating on said interior surfaces of 
said first and second cavities defines a gap in each of said 
first and second cavities; and wherein said method further 
5 comprises filling said gaps by vacuum infiltrating said gaps 

with a conductive or non-conductive, rigid or compliant 
material to form said first and second electrode layers, 
respectively . 
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11. A method in accordance with claim 10 wherein said 
conductive or non-conductive, rigid or compliant material is 
selected from the group consisting of metals, conductive 
glass frits, composites of metal particles and a polymer 
resin, rubber, and polymer resins. 

12. A method in accordance with claim 1 wherein: 
said first and second cavities are molded into a first 

one of said sides, said first cavities alternate 
with said second cavities in said ceramic body; 
said ceramic bridges join said ceramic layers at edges 
along a second side of said ceramic body opposite 
said first side such that said ceramic body has a 
comb-shaped cross-section ; 
and further comprising: 

exposing a portion of each of said electrode layers at 
said second side of said ceramic body for said 
electrical interconnecting of said first and sec- 
ond electrode layers to provide said first and 
second set, respectively, of electrode layers. 

13. A method in accordance with claim 12 wherein: 
each of said cavities includes an extension extending 
into the bridge adjacent thereto over a minor 
portion of the length of said bridge, said first 
cavity extensions aligning with one another, and 
said second cavity extensions aligning with one 
another but not with said first cavity extensions; 
and 

said disposing of said one or materials in said cavi- 
ties includes disposing of said one or more mate- 
rial in said extensions with said one or more 
materials to form first and second electrically 
conductive lugs on said first and second electrode 
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layers, respectively, $aid lugs extending into 
said bridges; 
said lapping is performed to expose said lugs; and 
said electrical interconnecting, of said first and sec- 
ond electrode layers comprises electrically inter- 
connecting said first lugs with one another and 
said second lugs with one another to provide said 
first and second set, respectively, of electrode 
layers . 

14. a method in accordance with claim 12 wherein each 
adjacent pair of said ceramic layers is joined by secondary 
ceramic bridges extending through said electrode layers. 

15. A method in accordance with claim 1 further com- 
prising preselecting, before said molding, a ceramic lay- 
er/electrode layer thickness ratio to suit electrical and 
mechanical requirements of a particular application. 

16. A method in accordance with claim 15 further 
comprising selecting said one or more materials to provide a 
preselected compliance and acoustic impedance for said 
transducer . 

17. A net-shape molded ceramic body for fabricating an 
electronic device, said ceramic body comprising a top, four 
sides generally normal to said top, and a base interconnect- 
ing said sides, and further comprising a plurality of ceram- 
ic layers including an uppermost ceramic layer, a lowermost 
ceramic layer and one or more intermediate ceramic layers 
all disposed generally parallel to said top, wherein each 
intermediate ceramic layer is joined at one edge to one of 
said ceramic layers adjacent thereto by a first ceramic 
bridge and at an opposite edge to another of said ceramic 
layers adjacent thereto by a second ceramic bridge, leaving 
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cavities between said ceramic layers and providing a serpen- 
tine-shaped cross-section to said ceramic body. 

18 A net-shape molded ceramic body for fabricating an 
electronic device, said ceramic body comprising a top, tour 
sides generally normal to said top, and a base interconnect- 
ing said sides, and further comprising a plurality of ceram- 
ic layers including an uppermost ceramic layer, a lowermost 
ceramic layer and one or more intermediate ceramic layers 
all disposed generally parallel to said top, wherein each 
intermediate ceramic layer is joined at one edge to one of 
said ceramic layers adjacent thereto by a first ceramic 
bridge and to another of said ceramic layers adjacent there- 
to by a second ceramic bridge, leaving cavities between said 
ceramic layers and providing a comb-shaped cross-section to 
said ceramic body. 

19 . A multilayer piezoelectric ceramic transducer 

comprising: . ^ 

a net-shape molded unitary piezoeiectr ic or elect.o- 
strictive ceramic body comprising a top, four 
sides generally normal to said top, and a base 
interconnecting said sides, and further comprising 
a plurality of ceramic layers including an upper- 
most ceramic layer, a lowermost ceramic layer and 
one or more intermediate ceramic layers all dis 
posed generally parallel to said top, wherein each 
intermediate ceramic layer is joined at one edge 
to one of said ceramic layers adjacent thereto by 
a first ceramic bridge and at the same or a dif- 
ferent edge to another of said ceramic layers 
adjacent thereto by a second ceramic bridge; 
a plurality of electrode layers comprising an electrode 
layer between and bonded to each adjacent pair of 
said ceramic layers, said electrode layers nearly 
completely separating said adjacent pair of ceram- 
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ic layers, wherein said electrode layers are di- 
vided into a first set of electrode layers and a 
second set of electrode layers, said first set 
electrode layers alternating with said second set 
electrode layers in said body, and said electrode 
layers of each of said sets being electrically in- 
terconnected with one another and being electri- 
cally isolated from said electrode layers of the 
other of said sets in said body. 



20. A multilayer transducer in accordance with claim 
19 wherein said ceramic body is formed from a piezoelectric 
or electrostrictive ceramic material selected from the group 
consisting of lead zirconate titanates; lead magnesium 
niobates; titanates of lead, barium, bismuth, and strontium; 
and derivatives thereof. 

21. A multilayer transducer in accordance with claim 
19 wherein said plurality of electrode layers further in- 
cludes a lower electrode layer on said base, and wherein 
said first set of electrode layers includes said lower 



22. A multilayer transducer in accordance with claim 
19 wherein said ceramic body is poled in a d 33 multilayer 
configuration . 

23* A multilayer transducer in accordance with claim 
19 wherein said first and second electrode layers extend 
into said ceramic body from, respectively, a first of said 
sides and a second of said sides opposite said first side; 
said first electrode layers alternate with said second 
electrode layers in said ceramic body; and each of said ce- 
ramic layers except an uppermost and a lowermost of said 
layers is joined at one edge to one ceramic layer adjacent 
thereto by a first ceramic bridge and at an opposite edge to 



5 



electrode layer. 
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nother ceramic layer adjacent thereto by a second ceramic 
ir idge such that said ceramic body has a serpentine cross- 



a 
b 

section 



24 A multilayer transducer in accordance with claim 

23 wherein said first electrode layers are interconnected by 
an electrically conductive coating on said first side, and 
said second electrode layers are interconnected by an elec- 
trically conductive coating on said second side. 

2 5 A multilayer transducer in accordance with claim 

24 wherein a first electrically conductive coating on said 
ceramic body covers said base, said first side, and inter- 
faces between said ceramic layers and said first 

layers- and a second electrically conductive coating on said 
eramic body covers said second sides and interfaces between 
aid ceramic layers and said second electrode layers said 
econd conductive coating being electrically isolated from 
said first conductive coating. 



c 

sa 
s 



26 A multilayer transducer in accordance with claim 
25 wherein said first electrically conductive coating de- 
fines a gap in each of said first and second electrode 
layers; and wherein said gaps are filled with a rigid or 
compliant, conductive or non-conductive material completing 
said first and second electrode layers, respectively. 

27 A multilayer transducer in accordance with claim 
26 wherein said rigid or compliant, conductive or non-con- 
ductive material is selected from the group consisting of 
metals, conductive glass frits, composites of metal parti- 
cles and a polymer resin, rubber, and polymer resins. 
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28. A multilayer transducer in accordance with claim 
19 wherein: 

said first and second electrode layers extend into a 
first one of said sides, said first electrode 
layers alternating with said second electrode 
layers in said transducer; 
said ceramic bridges join said ceramic layers at edges 
along a second side of said ceramic body opposite 
said first side such that said ceramic body has a 
comb-shaped cross-section; and 
said electrode layers are exposed at said second side. 

29. A multilayer transducer in accordance with claim 
28 wherein: 

each of said electrode layers includes a lug comprising 
an electrically conductive material extending into 
the bridge adjacent thereto over a minor portion 
of the length of said bridge, said first lugs 
aligning with one another, and said second lugs 
aligning with one another but not with said first 
lugs; 

said lugs of said first and second electrode layers are 
exposed at said second side; and 

said first lugs are electrically interconnected with 

one another and said second lugs are electrically 
interconnected with one another to provide said 
first and second set, respectively, of electrode 
layers . 

30* A multilayer transducer in accordance with claim 
19 wherein said said electrode layers are more compliant 
than said ceramic layers. 
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31 Molding apparatus for net shape molding of a 

io and a thermosetting or tl»n.opl..ti= org.nxc bxnder, 

- annaratus comprising: 

a mold having a generally rectangular bottom, two gen- 
erally rectangular side walls generally normal to 
and extending upwardly from said bottom at oppo- 
site sides thereof, two end walls interconnecting 
said side walls and generally normal to said bot- 
tom and said side walls and extending upwardly 
from said bottom at opposite sides thereof, and a 
top generally parallel to said bottom and inter- 
connecting said side walls and said end walls to 
form a closed rectangular box, said top, said 
bottom, said side walls and said end walls defin- 
ing a mold cavity, and said mold being divided 
into an upper and a lower mold half which may be 
brought together to form said mold; 
said mold bottom having a plurality of slot-shaped 

openings therein, said bottom slot-shaped openings 
extending across said bottom to or nearly to said 

side walls ; t 
a plurality of parallel first blade inserts f ^ e « 

closely within slot-shaped openings in said bottom 
and extending into said mold cavity close to said 
top when said mold halves arc brought together; 
said first blade inserts extending across said 
bottom to or nearly to said side walls; 
optionally, a plurality of second blade inserts paral- 
lel to one another and to said first blade in- 
serts, fitted closely within slot-shaped openings 
in said top, and extending into said mold cavity 
between said first blade inserts close to said 
bottom when said mold halves are brought together 
such that said first blade inserts and said second 



25 



30 



35 



32 



WO 98/05080 



PCT/US97/13025 



blade inserts are interdigi tated with each other 
within said mold cavity; said second blade inserts 
extending across said top to or nearly to said 
side walls. 

32. Molding apparatus in accordance with claim 31 
including no second slot-shaped openings and no second blade 
inserts; wherein said first blade inserts are divided into 
primary and secondary first blade inserts alternating with 
one another; and said first blade inserts each contact or 
nearly contact said mold top when said mold halves are 
brought together. 

33. Molding apparatus in accordance with claim 32 
wherein said first blade inserts each comprise a lug extend- 
ing upwardly into said mold cavity to contact or nearly 
contact said mold top when said mold halves are brought 
together, said primary blade insert lugs being aligned with 
one another and said secondary blade insert lugs being 
aligned with one another but not with said primary blade 
insert lugs. 

34. Molding apparatus in accordance with claim 31 
wherein said first blade inserts each include one or more 
slits extending from a top edge thereof to nearly but not 
totally reach said mold bottom; and f optionally , said second 
blade inserts each include one or more slits extending from 
a bottom edge thereof to nearly but not totally reach said 
mold top. 

35. Molding apparatus in accordance with claim 31 
further comprising means for heating said mold to a tempera- 
ture sufficiently high to soften a preform made from said 
ceramic-binder mixture; and means for bringing said upper 
and lower mold halves together with sufficient pressure to 
cause said softened preform to fill said mold cavity. 
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ceramic blank. 
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